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ABSTRACT 

The GRAVITY PROBE-B Mission will carry the Stanford gyroscope relativity experiment into orbit in the 
M„d 990's. as well as a GPS receiver whose tracking data will be used to study the earth gravity Md' This 
Moer presents estimates of the the likely quality of a gravity field model to be derived from the GPS data, 
and discusses the significance of this experiment to geodesy and geophysics. 

1. INTRODUCTION 

Rv 1995 the GRAVITY PROBE-B (GP-B) spacecraft will carry the Stanford gyroscope '"elatwity 
exDenment to test the tte of general relativity by measuring two effects predicted by this theory Both 
should manifest themselves as very slow precessions of the axis of a spinning body (gyroscope) respect to a 
rail deterged b^d^ when ?his body moves relative to a massive object, like the earth They 

are illustrated in Figure 1: the geodetic precession occurs because the gyroscope is moving in orbit through 
curved sD^e-tiL a^^^^^^ the earth; the motional (or frame-dragging) precession, because the ear h is 
sDinnine about its own axis. Both effects increase as height decreases, so they are easier to measure from 
o^r orbit^BrSht^ Rigel, to which sensors inside the spacecraft will point, will provide the fixed 

external reference frame. The gyroscopes themselves (four in number) will be made of fused quartz 
fnto allst with a coating of niobium. These will spin while electrostatically sus,^nded 

inside soheric^al cavitiL rigidly attached to a solid block of quartz. The whole assembly will be cooled with 
liauid helium so the niobium coating is superconducting. A spinning superconductor developes a magnetic 
Sid ^o eTch sphere" field will point in the direction of the spin axis. Once this fie d detected with 
uSLSc sensors, the instantaneous direction of the gyroscope's axis in the frame of the stars can be 
established. The spacecraft will be nearly axially symmetric, spinning about its axis, to maintain a stable 
attitude in space and to average out effects due to asymmetries in mass distribution. 



Figure 1. Principle of the Stanford gyroscope experiment. The srnali spinning sphere is one of the 
gyroscopes that will orbit the earth on board GP-B. 


The soacecraft will also carry a Global Positioning System (GPS) receiver to provide tracking data for 
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' ' oru'o to ' ' RHH ''' ^ complete global coverage, assuming that the fuk' GPS 

: : I'dtion ot up to Block I! spacecraft is operating. A low, near circular orbit increases 

gid'. I tdiiona signal at shorter spatial wavelengths, thus allowing higher resolution in the resulting field' 
model. The drag compensation (which also compensates all the other surface forces, such as solar radiation 
piessure) will give an orbit shaped purely by gravitation, and thus much "cleaner” from the point of view of 
geodesy, than those of ordinary, uncompensated, low-orbit satellites. ^ 

In coming years, worldwide terrestrial nets of GPS stations are likely to be established for the ournose 
o providing a framework for geodynamics studies (crustal motion, tides, earth rotation), and for comoutine 
very precise GPS ephemerides and satellite clock corrections using tracking data from around the world ThI 
tracking from those stations, or the ephemerides and clock corrections obtained from that tracking will be 
needed o analyse the GPS data from the receiver on board GP-B. Conversely, data from L ^e^ewer in a 
relatively lovv spacecraft like GP-B, obtained simultaneously with that from the ground stations can be used 

the network by adding to it a moving station high above the groundVunk et 
85), Therekire, the GPS experiment on GP-B and the operations of the terrestrial network will benefit frnni 

of tracking GP-B from SLR stations will he^to connecfand unify 
c cnce frames of the laser and the GPS geodetic networks. At the same time, GP-B will be carrying out its 

mam experiment in relativity. In this way, a single space mission may advance three separate Senti r 

undertakings: one m fundamental physics, and two in geodynamics. separate scientific 

The GP-B mission will follow that of the oceanographic satellite TOPEX, wich will carry a radar 

experiment, and will have also a GPS receiver. This receiver will be the first of its kind 

^ / TOPEX as well as from the lower one of GP-B (connection of reference frames, long- 

neri-irl f gravity field, tidal studies, etc.), the two missions will provide continuity over a 

end of Us useful lUe).'" scheduled to begin at about the time when TOPEX is likely to be reaching the 

2. CONCEPT OF A GP-B/GPS GEOPOTENTIAL MAPPING EXPERIMENT 
For the purposes of this study, the following assumptions were made: 

monthTy. spacecraft is drag-free; its orbit is polar, circular, 600 km in altitude, and repeats 


^ ,11 niission lasts for two years, during which an average of 7 GPS satellites from the full 

and^her^‘^'" tracked simultaneously, at all times, from GP-B. The sampling rate is once per second 

and Ilso in iL L2 bLT* ThT” PC' =PS satellite: a pseudorange and! carrier phase, in the LI 

rho TnoQQ ^ bands. The measurements are stored m the spacecraft computer memory and dumoed via 
the TDRSS relay satellites to ground statums, together with telemetry and the relativity experiment da^ta. 

=. c, ej values of the differences between simultaneous pseudorange and carrier phase rneasuremenT<; 

t ^ (up to a maximum of half a revolution of GP-B, or W minutes) are used 

to estimate the biases in the LI and L2 carrier phases. The biases are fixed to the int^rr numbers S 
wave eng hs closest to those averages. If the uncertainty for a given average s rnuS !Ls thfn one 
wavelength, the corresponding bias is likely to be resolved. If the unLrtainty is large, itTs p obableTha^^^^ 

1 9 The estimated biases are added to the corresponding carrier phase ranges, resulting in full LI and 

L2 ranges, which are then combined to correct the effect of ionospheric refraction Tte cor ranges 

Kcr t!f'r than the original LI and L2 measurements. Next, these corrected ranged fre 

substractd from ranges to the same GPS satellites measured simultaneously from ground receivers This 

eTch tarndTub : difference! arelbs'TlTd f™'n 

receiver on CP R A? th! differences, to suppress both the clock errors of the ground receivers and of the 

^ TT’ double-differencing increases the noise further. Finally, double 

d fferences involving four or more GPS satellites altogether, could be combined to estimate geometrically the 

™TrT"'r,S''LLT'''r °1, J’'' the ranges, propagated “to Those oT "I ! 

uncerfainTv nf , ^ the across, along, and radial orbital coordinates), is approximately’ the 
ui certainty of the corrected ranges multiplied by the Geometric Dispersion of Precision (GDOP) per 

f an K* quantity depends on the GPS/GP-B geometry at measurement time. The set of measurements 
ihtcta r ^ work, by estimating from the noisy coordinates of several consecutive points 

Uu.se of a middle (or normal ) point. These normal points then may be used (with their forma! accuracies) as 
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4a.a, data 

[K'Tn'aT daTa" fjoubre ^ftfe^i^n^efo^SdS w,H be affected by tb^e origin, measutentent errors 
(unresolved biases, noise), and also by the errors m the ephemerides of GP . 

The compressed data set is used to estimate corrections to the orbits of both GP-B and of all GPS 
satellites involved ^simultaneously with the potential coefficients of the gravity field up to a hig degree 
o?der fhis ^fdone r, a least squares technrque, using a mathemattcal description of the compressed data 
linearized about the a priori values of the orbit and gravity field parameters. 

3. MISSION ERROR ANALYSIS 

Th^ pvnerted accuracies of estimates of potential coefficients obtained from instantaneous x y, z data. 
The expected ^ ^ previous section, have been calculated by setting up and inverting 

and requires little effort and modest computer resources. 

Measurement errors have been treated as consisting of 1 cm rms white noise in the carrier phase, af ter 

nrecision. The GDOP per coordinate was assumed to be, on average, 1.7, based on a y nn" 

McCarthy (1987) for a GPS/space shuttle mission. The GPS antenna on GP-B is suppossed to e oo i g p 
(i.e., not tracking any satellites below the local horizontal plane of the receiver). 

A t p. h^cft r;q<;e have been studied, too pesimistic and too optimistic, respectively, providing 

impressive. 
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estimated with GP-B/GPS data, 


The coefficient errors, translated into 
error grows by about one order of magnitude 


rms cumulative geoid errors, are shown in Figure 3. The geoid 
every ten degrees, reaching 10 cm at about degree liO. 


rms accuracy (rrwtr^sl 



Figure 3. Cumulative geoidal undulation errors per degree, corresponding to the potential 
coefficient accuracies shown in Figure 1. t. p 
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The accuracies of the spectral powers of various signals of geophysical interest are compared to the 
accuracies of the potential coefficients in Figure U. At the top is the spectrum of the mean sea surface 
topography, associated with the average global circulation (obtained from the charts of Levitus). The 
spectrum of the gravitational effects of the M2 tide (according to Schwiderski's model), and of two years of 
post-glacial rebound are shown as well. In all three cases, the accuracy of the geopotential coefficients is 
considerably smaller than the variance of the signal, suggesting that a good separation of these geophysical 
signals is possible. The results are, if anything, pesimistic for the tides; even from the much less powerful 
conventional tracking data used for GEM-Tl, a good deal of low-degree information on M2 and other major 
ocean tidal components has been extracted, mostly from spacecraft in much higher orbits than GP-B. This is 
possible because there are orbital resonances associated with the tides, and not considered here, that can 
produce large perturbations in the motions of spacecraft. 


mean rms accuracy 



Figure 4. Accuracies of potential coefficients from GP-B/GPS data compared to those of 
conventional models and to the spectra of various geophysical phenomena. 
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